We addressed the role of interleukin-23 (IL-23) in driving the intestinal T helper type 17 (Th17) response during obesity and metabolic syndrome progression induced by a high-fat diet (HFD). Diet-induced obese and lean mice received HFD or control diet (CTD), respectively, for 20 weeks. The nutritional, metabolic and immune parameters were examined at weeks 9 and 20. Gene and protein IL-23p19 and IL-23 receptor expression was increased in the ileum of obese wild-type mice (WT) fed the HFD for 9 weeks. Mice lacking IL-23 and fed the HFD exhibited greater weight gain, higher fat accumulation, adipocyte hypertrophy and hepatic steatosis. Notably, these mice had more glucose intolerance, insulin resistance and associated metabolic alterations, such as hyperinsulinaemia and hyperlipidaemia. IL-23 deficiency also significantly reduced protein levels of IL-17, CCL20 and neutrophil elastase in the ileum and reduced Th17 cell expansion in the mesenteric lymph nodes of the HFD mice. Of importance, IL-23-deficient mice exhibited increased gut permeability and blood bacterial translocation compared with WT mice fed HFD. Finally, metagenomics analysis of gut microbiota revealed a dramatic outgrowth of Bacteroidetes over Firmicutes phylum with the prevalence of Bacteroides genera in the faeces of IL-23-deficient mice after HFD. In summary, IL-23 appears to maintain the Th17 response and neutrophil migration into the intestinal mucosa, minimizing the gut dysbiosis and protecting against obesity and metabolic disease development in mice.
Introduction
In addition to being considered one of the oldest metabolic disorders, obesity was recently described as the most important nutritional disorder in both developed and developing countries. 1 According to the World Health Organization, the worldwide incidence of obesity has more than doubled since 1980 and in 2014 more than 1Á9
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billion adults were overweight. 2 The causes of its increased incidence are diverse, but the nutritional transition within the last centuries, characterized by new eating habits, such as the so-called western diet, is considered the main factor. The western diet is comprised of a high fat content (particularly of animal origin), refined foods (such as sugars and starches), and reduced complex carbohydrates and fibres. In Brazil, studies have shown that this transition in dietary patterns is related to demographic, socio-economic and epidemiological changes over time, reflecting a gradual reduction of malnutrition and an increase in obesity. 3 Metabolic syndrome is a common metabolic disorder that results from the increasing prevalence of obesity, which contributes to elevated risk of coronary heart disease, hypertension and stroke, certain types of cancer, diabetes, bladder disease, dyslipidaemia, osteoarthritis and gout. 4 Although coronary diseases represent the major cause of deaths related to obesity, overweight people often develop other conditions that predispose to mortality, especially type 2 diabetes (T2D). 5 Type 2 diabetes is considered a chronic inflammatory disease that is characterized by hyporesponsiveness to insulin and glucose intolerance, resulting in changes in b cell function, structure or both. The aetiology of T2D is multifactorial, being linked to genetic, environmental, dietary and metabolic factors. It is estimated that approximately 75% of the risk of developing T2D is associated with obesity. 6 Recent studies have shown that adipose tissue in obese people provides an inflammatory environment, which leads to insulin resistance and T2D onset. 6 Several types of immune cells are found in the adipose tissue and their recruitment and function are different in obese subjects. 7 Macrophages and monocytes are the most studied immune cells that reside within the adipose tissue. Recently, other cells such as neutrophils, mast cells, eosinophils, dendritic cells (DCs), natural killer cells and even cells of the adaptive immune system, such as T helper type 1 (Th1), Th2, Th17 and B cells have been shown to be increased within the adipose tissue. 8, 9 However, other cell subtypes, such as invariant natural killer T cells and regulatory T (Treg) cells are dramatically reduced in adipose tissue of obese individuals compared with lean controls. 10, 11 Several studies have shown that interleukin-23 (IL-23) is directly related to terminal differentiation of Th17 cells, promoting their maintenance, expansion and consequent migration from the circulation into inflamed peripheral tissues. 12 Furthermore, increased IL-6-dependent Th17 lymphocytes have been identified in the spleen of obese mice. 13 More recently, it was reported that the prevalence of Th17 lymphocytes in the adipose tissue is associated with the progression of obesity in humans. 14 However, another study found a decrease in the proportion of retinoic acid-related orphan receptor ct-expressing CD4 + T cells after 30 days of a high-fat diet (HFD). 15 During the last decade, some studies have highlighted the possible role of the gut microbiota in the development of obesity and related disorders. 16 The intestinal microbiota is involved in energy production and storage through several metabolic functions, such as fermentation and absorption of complex carbohydrates. 17 This microbial community contains bacteria, eukaryotes and viruses, which interact with each other and with the host, having a significant impact on their physiology and health. 18 Alterations in the gut microbiota composition, named dysbiosis, and translocation have been proposed as a possible cause of systemic and intestinal inflammation related to obesity and metabolic complications, although the mechanisms involved are still not well understood. 19 Furthermore, recent studies have found that Th17 cells can control the replication of commensal bacteria that have escaped the intestinal epithelial barrier, so preventing bacterial colonization and translocation to distal tissues. 20 Based on this evidence, this study aimed to evaluate the role of IL-23 in promoting intestinal Th17 response and its implication in the pathogenesis of obesity and metabolic syndrome. Using an experimental HFDinduced obesity model, we found that protein and gene IL-23 and its receptor (IL-23R) are expressed in the ileum of obese mice at 9 weeks, declining at later periods. Inactivation of the gene encoding IL-23, IL-23p19, in mice fed the HFD led to a greater propensity to develop obesity, glucose intolerance and insulin resistance, as well as to increased intestinal permeability, dysbiosis and bacterial translocation. In addition, IL-23-deficient mice exhibited reduced Th17 cells in the mesenteric lymph nodes (MLNs), less IL-17 cytokine and decreased CCL20 chemokine expression associated with lower neutrophilia in the intestinal mucosa. Our results identify IL-23 as an immunoregulatory cytokine in obesity and metabolic syndrome development.
for Animal Experimentation Control (CONCEA) and were approved by the Ethics Committee on Animal Use (CEUA) of the University of Sao Paulo, Ribeirao Preto, Brazil (protocol number 144/2014). The animals were divided into group I, wild-type (WT) mice fed a control diet (CTD-AIN 93, comprising 9Á7% fat, 77Á1% carbohydrate and 13Á4% protein); Group II, IL-23-deficient mice fed the CTD; group III, WT mice fed a high-fat diet (HFD-D12492, comprising 60% fat, 20% carbohydrate and 20% protein) and group IV, IL-23-deficient mice fed the HFD. C57BL/6 mice and IL-23-deficient mice were fed the CTD or HFD for 20 weeks. During this period, nutritional, metabolic and immunological parameters were analysed.
Nutritional parameters
The nutritional profile was determined by analysis of food intake, caloric intake, body weight, visceral (mesenteric), total fat mass and adiposity index. The body weight of animals was measured weekly, using a digital scale. The amount of total fat mass was determined by the sum of deposits of retroperitoneal and mesenteric fats. The adiposity index was calculated by dividing the total body fat by the final body weight, multiplied by 100.
Metabolic parameters
For the glucose tolerance test (GTT), mice were submitted to a 12-hr fasting period. Blood samples were taken at baseline and after intraperitoneal administration of a solution containing 25% glucose (Sigma-Aldrich, St Louis, MO) equivalent to 2Á0 g/kg, being collected at 0, 15, 30, 60 and 120 min. The ACCU-CHEK â Active equipment was used to read glucose levels. For the insulin tolerance test (ITT), mice were submitted to a 6-hr fasting period. Blood samples were taken from mice at baseline and after intraperitoneal administration of regular insulin equivalent to 1Á5 IU/kg, being collected at 0, 5, 10, 15, 20, 15 and 30 min.
Detection of total cholesterol, triglyceride and LPS levels
Mice were fasted for 12 hr and blood was collected from the tip of the tail vein. Haemolysis-free serum was collected after centrifugation. Total cholesterol, triglyceride or lipopolysaccharide (LPS) concentrations were measured using kits from Labtest (St. Louis, MO) or Lonza (Basel, Switzerland).
Quantification of serum insulin levels
Insulin concentrations were determined using the Mouse Ultrasensitive Insulin kit (Alpco Diagnostics, Salem, NH) according to the manufacturer's instructions.
Quantification of cytokine, chemokine and elastase levels
Ileum or visceral adipose tissue (VAT) fragments were removed, weighed and placed in a tube containing 700 ll of Complete Protease Inhibitor Cocktail (Roche Diagnostics, Abbott Park, IL). The tissues were homogenized using a Polytron homogenizer (Thermo Fisher Scientific, Waltham, MA) and IL-17, IL-23, CCL20 and elastase levels were detected by enzyme-linked immunosorbent assay using colorimetric kits according to the manufacturer's instructions (R&D Systems, Minneapolis, MN). The results are expressed as the mean AE SEM (nanograms per gram of tissue).
Intestinal permeability by FITC-Dextran
After 12 hr of fasting, mice received fluorescein isothiocyanate (FITC)-dextran by gavage (250 mg/kg) (SigmaAldrich). After 4 hr, blood samples were collected from the tail vein. The blood was centrifuged at 4°, 1000 g for 3 min. The serum was diluted in the same volume of phosphate-buffered saline (PBS; pH 7Á4) for analysis of FITC-dextran concentrations at excitation wavelength of 485 nm and emission wavelength of 535 nm.
Histopathology and immunohistochemistry analysis
Histopathological evaluations of the pancreas, VAT and liver were performed after staining with haematoxylin & eosin of fixed samples in PBS/10% formaldehyde. The material was sectioned, mounted on glass slides and kept in a dry oven at 60°for 1 hr. Then, the material was hydrated and deparaffinized using xylene, alcohol and water. Immunohistochemistry reactions were performed as previously described. 21 
Evaluation of bacterial translocation
To evaluate bacterial translocation in the blood and VAT, samples were aseptically collected. Subsequently, 50-ll blood aliquots were spread with a sterile loop in brainheart infusion medium-containing agar plates and placed in an incubator at 37°for 48 hr to count the colonyforming units.
RNA extraction and quantitative real-time polymerase chain reaction
Total RNA was extracted from the ileum using Trizol (Life Technologies, Molecular Probes, Carlsbad, CA) following the manufacturer's instructions. cDNA was obtained using a High Capacity reverse transcription kit (Applied Biosystems, Foster City, CA) following DNase treatment (Life Technologies). The expression of IL23p19, IL-23R and b-actin was analysed by quantitative polymerase chain reaction (PCR) using the SYBR Green PCR Master Mix (Applied Biosystems). The following primers were used: b-actin: forward:
0 -TACTTGTGATTCCTCCGTGACA-3 0 . Specific mRNA expression levels were normalized relatively to b-actin mRNA levels using the comparative 2DDCt method.
Analysis of leucocytes by flow cytometry
Flow cytometry analysis was performed on samples with 1 9 10 6 cells/tube in 100 ll of PBS. First, cell suspensions were incubated with 5% normal rabbit serum for 30 min to block non-specific binding. Next, antibodies against CD3, CD4, CD11b, Ly6G, Ly6C, CD103, CCR6, IL-17, Foxp3 and their control isotypes (BD Pharmingen, San Diego, CA) were added and incubated for 30 min in the dark. IL-17 production was evaluated after in vitro reactivation with phorbol myristate acetate (50 ng/ml) and ionomycin (500 ng/ml, Sigma-Aldrich) and Golgi Stop (1,000X, BD Pharmingen), as previously described. 25 The cells were analysed using a FACS Canto flow cytometer, and the data were analysed using FLOWJO (Tree Star, Ashland, OR) software.
Western blotting
Fifty micrograms of extracted proteins was loaded directly into sodium dodecyl sulphate sample buffer for 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis. After transferring the samples onto a nitrocellulose membrane (Trans-Blot Transfer Medium; BioRad, Hercules, CA), the membranes were blocked with 5% milk in Tris buffer solution containing 0Á1% Tween 20 for 1 hr and then incubated with antibodies against glucose transporter type 4 (GLUT-4; Cell Signaling, Danvers, MA) or phosphorylated insulin receptor substrate (pIRS) in serine 1101 (Cell Signaling) overnight at 4°. Next, the cells were incubated with an enzyme horseradish peroxidaseconjugated secondary antibody (Cell Signaling) for 1 hr at room temperature. After the membranes were rinsed, the immunocomplexes were developed using an enhanced peroxidase/luminol chemiluminescence reaction (ECL Western blotting detection reagents; Pierce Biotechnology, Waltham, MA) and exposed to X-ray film with autoradiography (Carestream Health, Rochester, NY).
16S rRNA gene sequencing
16S rRNA gene sequencing was performed, as previously described. 22 The Ribosomal Database Project classifier and the May 2013 Greengenes taxonomy were used to assign taxonomy to representative operational taxonomic units and the Linear Discriminant Analysis Effect Size Galaxy module was used for additional statistical analyses. 23 
Statistical analysis
The data are expressed as mean AE SEM. The differences observed among the several experimental groups were analysed by one-way analysis of variance followed by the parametric Tukey test for comparing multiple groups. All analyses were performed using PRISM 5Á0 software (GraphPad Software, San Diego, CA). Statistical significance was set at P < 0Á05.
Results

Up-regulation of IL-23 and IL-23 receptor gene and protein expression in the ileum of obese mice
Initially, we analysed the protein and gene expression of IL23p19 and IL-23R in the ileum of diet-induced obese mice after 9 and 20 weeks of the HFD. Increased gene IL-23p19 expression was found in the ileum of obese mice at 9 weeks of HFD when compared with lean mice fed the CTD. Gene IL-23p19 expression was decreased after 20 weeks of the HFD (Fig. 1a) . Accordingly, gene IL-23R expression in the ileum increased significantly after 9 weeks of HFD (Fig. 1b) . In addition, IL-23 protein expression was significantly increased in the ileum of HFD-fed obese mice at 9 weeks, but reduced at 20 weeks (Fig. 1c) .
IL-23 activation elicits protection to obesity in the diet-induced obesity model
The nutritional profile is based on the analysis of factors that characterize the physical state of mice, such as body weight, food intake, caloric intake, fat accumulation and adiposity index. All of these parameters were assessed in WT and IL-23-deficient (IL-23p19
) mice fed either the HFD or the CTD. As shown in Fig. 1 , WT mice fed the HFD exhibited a higher weight gain compared to lean mice fed the CTD. IL-23p19 -/-mice were more prone to HFD-induced obesity. In fact, these mice exhibited increased weight gain starting from 12 weeks of the HFD (Fig. 1e) , which was significantly increased at 20 weeks compared with WT mice (Fig. 1d,g ). However, no differences in food intake were observed between the several experimental groups (Fig. 1f) . Although IL-23p19 -/-mice showed a trend towards increased VAT accumulation ( Fig. 1h) , they only had a significant increase in total fat accumulation and adiposity index compared with HFD-fed WT mice (Fig. 1i,j) . These data indicate that IL-23 plays a protective role during diet-induced obesity development. 
IL-23 activation impairs adipocyte hypertrophy and hepatic steatosis induced by obesity
By analysing the VAT, IL-23p19 -/-mice fed a CTD displayed a small increase in adipocyte size and a decrease in adipocyte number compared with WT mice on the same diet ( Fig. 2a,b ,m,n). However, IL-23p19 -/-mice exhibited a greater increase in adipocyte size, characterized as hypertrophy, and decreased adipocyte number compared with WT mice fed the HFD (Fig. 2c,d ,m,n). Also, we noted slow fat deposition in hepatic tissues of IL-23p19 -/-mice compared with WT mice fed the CTD (Fig. 2e,f) . However, IL-23p19 -/-mice fed the HFD exhibited much more fat accumulation in the liver compared with WT mice on the HFD (Fig. 2g, h ). In parallel, we detected that IL-23 deficiency did not change the morphology of the pancreatic islets compared with WT mice on the CTD (Fig. 2i,j) . On the other hand, HFD-fed IL-23p19 -/-mice appear to have increased pancreatic islet size compared with HFDfed WT mice (Fig. 2k,l) , but the morphometry of the insulin-positive pancreatic islets, determined by immunohistochemistry, did not confirm this difference between the experimental groups (Fig. 2o) . Hence, our findings suggest that IL-23 prevents adipocyte hypertrophy and hepatic steatosis in HFD-induced obesity.
IL-23 activation ameliorates the metabolic syndrome induced by obesity
Next, the impact of IL-23 deficiency on glucose metabolism was addressed by measuring fasting glucose levels (Fig. 3a) or by the GTT (Fig. 3b,d ). Interestingly, IL-23p19 -/-mice had increased blood glucose levels and became more glucose intolerant after the HFD (Fig. 3a,b,d ). In agreement, these mice exhibited greater insulin resistance, as shown by the ITT, compared with WT after the HFD (Fig. 3c,e) . Moreover, IL-23p19 deficiency in the presence of the HFD significantly increased fasting insulin levels ( Fig. 3f ) and triglyceride levels (Fig. 3g ) without affecting total cholesterol levels ( (Ser 1101 ), molecules involved in glucose uptake and insulin signalling inhibition, respectively, was analysed in skeletal muscle of mice fed the CTD and the HFD. Surprisingly, GLUT-4 expression was increased in HFD-fed IL-23p19 -/-mice compared with the other experimental groups (Fig. 3i) . The IL-23 deficiency also increased Ser 1101 phosphorylated IRS-1 expression when compared with HFDfed WT mice, suggesting that these mice developed more insulin resistance (Fig. 3i) . These results emphasize that IL-23 attenuates obesity-associated metabolic alterations, including glucose intolerance, insulin resistance and hyperlipidaemia, induced by an HFD.
IL-23 induces intestinal IL-17 production and neutrophil migration in obese mice
Subsequently, protein expression of IL-17 cytokine, CCL20 chemokine and elastase was determined in the small intestine (ileum) and serum of mice fed the CTD or HFD.
Although not statistically significant, HFD-fed WT mice displayed increased IL-17 levels in the ileum compared with WT mice on the CTD. However, IL-17 levels significantly decreased in HFD-fed IL-23p19 -/-mice compared with WT mice on the HFD (Fig. 4a) . HFD-fed IL-23p19
-/-mice also exhibited a significant reduction of CCL20 levels in the ileum compared with WT mice on the HFD (Fig. 4b) . In addition, a significant decrease in elastase levels, which is a serine protease expressed by neutrophils, was observed in the ileum of IL-23p19 -/-mice compared with WT mice on the HFD (Fig. 4c) . In accordance, elastase levels were significantly decreased in the serum of HFD-fed IL-23p19 -/-mice compared with WT mice on the HFD (Fig. 4d) . Similarly, these mice had a significant increase in neutrophil population in the MLNs (Fig. 4e,f,i) . However, no significant alterations in the frequency or absolute numbers of inflammatory monocyte populations in the MLNs were observed in these mice (Fig. 4g,h ). Taken together, our findings imply that IL-23 contributes to IL-17 production and neutrophil migration to the intestinal mucosa during diet-induced obesity.
IL-23 promotes Th17 cell expansion in the mesenteric lymph nodes in obese mice
We also investigated whether reduced IL-17 production in IL-23p19 -/-mice correlates with lower population of -/-mice compared with WT mice on the HFD (Fig. 5a,b,i) . However, the percentage and absolute numbers of IL-17-producing ILC3 cells were not significantly reduced in the MLNs of these mice compared with WT mice on HFD (Fig. 5c,d ). Conversely, there was a significant increase in the percentage of Treg cells (CD4 + Foxp3 + ) in the MLNs of HFD-fed IL-23p19
-/ -mice compared with WT mice on HFD (Fig. 5e ), but there was no statistical difference in the absolute numbers of Treg cell population between the experimental groups ( Fig. 5f) . Also, the percentage of tolerogenic DCs (CD11c + CD103 + ), but not the absolute numbers, was significantly increased in the MLNs of HFD-fed IL- 23p19 -/-mice compared with WT mice on HFD (Fig. 5g,   h ). Overall, our findings indicate that IL-23 induces Th17 cell expansion in the MLNs and migration to intestinal mucosa during diet-induced obesity.
IL-23 controls the gut microbiota dysbiosis and bacterial translocation in obesity
Considering the importance of Th17 cells in maintaining both the composition of the gut microbiota and the integrity of the gut epithelial barrier, we hypothesized that in the deficiency of IL-23, which plays a crucial role in the induction of Th17 cells, the gut microbiota exhibits dysbiosis. As shown, several differences were found at the phylum (Fig. 6a) , family ( Fig. 6b) and genus ( Fig. 6c ) levels in IL-23-deficient HFD-fed mice. HFD-fed IL23p19 -/-mice had an increase in Bacteroidetes and Verrucomicrobia phyla when compared with all other groups (Fig. 6a) . Interestingly, at the family level, CTDfed IL-23p19 -/-mice presented several differences when compared with WT mice. More specifically, a decrease in Erysipelotrichaceae and an increase in both Clostridiaceae and Ruminococcaceae families were found in CTD-fed IL23p19 -/-mice, but not in their WT counterparts fed either the CTD or HFD (Fig. 6b) . Of note, HFD-fed WT mice had an increase in Lactobacillaeceae and S24-7 and a decrease in Lachnospiraceae (Fig. 6b) . Interestingly, these differences were also noted in HFD-fed IL-23p19 -/-mice compared with CTD-fed IL-23p19 -/-mice. Finally, at the genus level, both CTD-fed and HFD-fed IL-23p19 -/-mice presented several changes when compared with their WT counterparts, such as an increase in Akkermansia and Bacteroides genera (Fig. 6c ). We have also determined possible biomarkers of each group by using the linear discriminant analysis effect size. 24 Several biomarkers for each group were found (Fig. 6d) . More specifically, the genus Turicibacter in CTD-fed WT mice, the genus Jeotgalicoccus in HFD-fed WT mice, the genus Clostridium in CTD-fed IL23p19 -/-mice and the genera Adlecreutzia, Bacteroides,
Ruminococcus and Oscillospira in HFD-fed IL-23p19
-/-mice were found to be significantly more expressed, and hence were considered as biomarkers of each phenotype. Considering that gut dysbiosis is intimately related to bacterial translocation and gut permeability, 25 we analysed whether the dysbiosis induced by IL-23 deficiency had any effect on the gut epithelial barrier. As expected, we observed increased gut permeability, measured by FITCDextran, in HFD-fed IL-23p19 -/-mice compared with WT mice (Fig. 6e) and a trend to increased LPS levels (Fig. 6f) . In accordance, we detected increased colony-forming units count in the blood (Fig. 6g ), but not in the VAT (Fig. 6h) of these mice. Overall, IL-23 has a crucial role in limiting gut microbiota dysbiosis and maintaining the gut epithelial barrier integrity, resulting in lower bacterial translocation induced by obesity.
Discussion
Obesity is an epidemic disease whose prevalence worldwide has increased dramatically over the past few decades. In specific countries, like the USA, obesity continues to expand at alarming rates with an increase of 75% since 1980. 26 The development of obesity is a complex process involving genetic predisposition and environmental factors. The excessive accumulation of fat in the body is the main cause of metabolic syndrome. The metabolic syndrome, which includes glucose intolerance, insulin resistance, dyslipidaemia, associated with abdominal obesity, can induce T2D onset. In this context, evidence of a close relationship between obesity and gut microbiota dysbiosis, which leads to increased circulating LPS and insulin signalling abnormalities in metabolic tissues, has also been reported. 27 Obesity is an inflammatory disease where both resident cells in the adipose tissue as well as adipocytes and innate immune cells are activated and secrete cytokines in response to metabolic products, such as fatty acids, or microbial products from the gut microbiota. The IL-23 cytokine is derived from antigen-presenting cells, which are activated after the recognition of pathogen-related molecular patterns or damage-related molecular patterns. 28 immune cell types, including T cells and ILC3 cells. IL-23 has an important role in later stages of Th17 differentiation and also promotes Th17 cell maintenance in inflammatory sites. 12 In this context, a study demonstrated that immature adipose tissue DCs express higher levels of IL-6, transforming growth factor-b and IL-23, resulting in the enhancement of Th17 cell response in a diet-induced obesity model. 30 In accordance, we observed that gene and protein IL-23p19 and IL-23R expression was significantly increased in the ileum of obese mice after 9 weeks of HFD, decreasing after 20 weeks of the HFD. These results indicate that obesity promotes IL-23 production in the small intestine at an earlier phase of the disease.
Interleukin-23 deficiency upon an HFD led to excessive weight gain, increased VAT accumulation and adiposity index. In agreement, HFD-fed IL-23p19 -/-mice exhibited increased adipocyte size, named hypertrophic obesity, and hepatic fat deposition. On the other hand, a study showed that IL-23a -/-mice are protected from HFDinduced weight gain and excess adiposity. 31 Non-alcoholic fatty liver disease or hepatic steatosis is a chronic disease characterized by the accumulation of triglycerides in more than 5% of hepatocytes, which is associated with insulin resistance. 32 In particular, the increase of free fatty acids in the circulation and their accumulation in the liver can lead to insulin resistance. 33 In turn, insulin resistance reduces the suppression of lipolysis in the adipose tissue by increasing the levels of free fatty acids and triglycerides. 34 Notably, HFD-fed mice lacking IL-23 also have more hepatic steatosis and exhibited a significant increase in triglyceride levels when compared with WT mice. In this context, a study demonstrated a correlation between increased levels of Th17 cell-related cytokines, including IL-6, IL-17 and IL-23, in hepatic tissue and significant pathological and biochemical changes in the liver. 35 Overall, these data indicate that IL-23 deficiency predisposes to obesity and exacerbates the deposition of hepatic fat and dyslipidaemia.
During an insulin-resistant pre-diabetic state, the insulin-producing b-cell mass expands functionally through intense proliferation and differentiation to compensate the insulin resistance, producing large amounts of this hormone and inducing a hyperinsulinaemic state. In fact, we noted that IL-23-deficient mice on HFD exhibit increased glucose intolerance, hyperglycaemia and hyperinsulinaemia. Insulin resistance and overproduction can lead to dysfunction/exhaustion of b cells because the greater mass of these cells is reduced in humans with diabetes or mice with T2D. 36, 37 Although the deficiency of IL-23 induces a state of insulin resistance; IL-23p19 -/-mice on HFD did not exhibit profound alterations in pancreatic islet morphology, suggesting that IL-23 improves glucose homeostasis, possibly due to restoration of insulin sensitivity. In accordance, other results showed that conditional inactivation of the gene encoding the IL-6Ra chain of the receptor for IL-6 in myeloid cells promotes glucose intolerance and obesity-associated resistance to insulin. 38 However, another study showed that neutralizing IL-23 in vitro reduces pancreatic oxidative stress and improves insulin biosynthesis in obesity. 39 In summary, our data suggest that IL-23 plays a protective role in glucose intolerance and insulin resistance, which precedes obesity-induced T2D onset.
Some studies showed that IL-23 is produced in response to colonization of segmented filamentous bacteria or systemic dissemination of microbial products followed by rupture of the intestinal barrier. The main function of IL-23 is to maintain Th17 cell differentiation and proliferation. 20 Several findings have reported the importance of Th17 cells in host defence against bacterial and fungal pathogens, particularly those found on the mucosal surfaces. 40 In addition, Th17 cells are fundamental to control the replication of commensal bacteria inside the intestinal mucosa and avoid translocation of bacteria to distal tissues. A study reported that intestinal tissues from obese mice exhibit significant reductions in the proportion of Th17 cells relative to non-obese mice. 15 Likewise, our data show that IL-23 deficiency in HFD-fed mice significantly reduces Th17 cells in the MLNs and decreases IL-17 expression in the ileum when compared with WT mice on HFD. The CCR6 chemokine receptor is expressed on activated Th17 cells, which is involved in the recruitment of these cells to inflammatory sites through CCL19 and CCL20 chemokines. 41 As mice lacking IL-23 on HFD also have reduced CCL20 expression in the ileum, it is plausible that these mice produce less IL-17 in the ileum as a consequence of defective migration of Th17 cells into the intestinal mucosa.
Interleukin-17A regulates granulopoiesis, neutrophil recruitment and the production of antimicrobial peptides. 42 In addition, IL-17A has been shown to delay the apoptosis of neutrophils and mononuclear phagocytes through stimulation of cytokines like granulocyte colonystimulating factor and granulocyte-macrophage colonystimulating factor in homeostatic conditions. 43 HFD-fed IL-23p19 -/-mice also exhibited a significant decrease in the expression of elastase, a proteolytic enzyme produced by neutrophils, in the ileum and serum. Other studies already demonstrated that serum neutrophil activity is increased in experimental models and in patients with obesity, suggesting a deleterious role of neutrophils in inflammation and insulin resistance. 44 However, neutrophil migration has a protective role in the intestinal lumen, resulting in the formation of organized intraluminal structures that encapsulate commensals and limiting their contact with the epithelium during gut dysbiosis. 45 Taken together, these data suggest that IL-23 sustains Th17 cell induction and neutrophil migration into intestinal mucosa during HFD-induced obesity in order to control intestinal homeostasis.
Patients with T2D exhibit an imbalance in Th1 over Treg cell populations. Treg cells are immunoregulatory cells important for prevention of body weight gain, adipocyte hypertrophy and insulin resistance. 46 Surprisingly, we verified a significant increase in the percentage of Treg cells in the MLNs of HFD-fed mice lacking IL-23. Similarly, these mice display an increase of tolerogenic DCs, which are important to induce the differentiation of intestinal Treg cells. 47 Our findings are unexpected because the worsening of obesity and insulin resistance in mice lacking IL-23 correlates with a higher immunoregulatory profile in the intestine. A possible explanation is that Treg cell and DC expansion is a consequence of the intense inflammatory response and/or bacterial stimuli in the gut of these mice. ILC3 are a subpopulation of cells of the immune system, which are important to induce organogenesis and intestinal homeostasis. These cells are differentiated in the presence of the cytokines IL-2, IL-7 and IL-23 and produce IL-17 and IL-22. 48 Recent evidence showed the importance of the interaction of ILC3 cells with the commensal microbiota in the intestine. 49 However, we did not detect alterations in the ILC3 population in the MLNs of IL-23-deficient mice on HFD. Hence, these data suggest that IL-23 counter-regulates Treg cell and tolerogenic DC responses in MLNs during HFD-induced obesity.
In humans, obesity and metabolic syndrome are associated with a higher intestinal Firmicutes/Bacteroidetes ratio in comparison with lean individuals. 50, 51 Despite the absence of differences in the phylum levels in obese WT mice, HFD-fed IL-23-deficient mice exhibited an increased abundance of Verrucomicrobia and Bacteroidetes phyla. At the genus level, these mice revealed greater abundance of Akkermansia and Bacteroides compared with WT mice on HFD. Several gut bacterial strains, including Bacteroides and Escherichia coli strains, increase adiposity when introduced as monocultures into germfree mice fed a low-fat, polysaccharide-rich diet. The most pronounced effect on adiposity was verified after associating germ-free mice with either Parabacteroides distasonis or Bacteroides vulgatus. 52 In contrast, Akkermansia muciniphila is a bacterium colonizing the intestinal mucosa and its abundance is negatively correlated with body weight in humans. 53, 54 It was found that the abundance of A. muciniphila decreases in obese mice and the administration of this bacterium improves metabolic changes induced by diet such as metabolic endotoxaemia, intestinal permeability and insulin resistance. 55 In agreement, a study reported that the adoptive transfer of guttropic Th17 cells to obese mice reduces metabolic defects and leads to expansion of commensal microbes associated with leanness. 15 Overall, our data suggest that IL-23 is involved in the establishment of the intestinal Th17 response, control of the gut dysbiosis and protection against obesity-associated metabolic syndrome in a murine model.
Experimental models suggest that obesity is associated with alterations of the composition and function of gut microbiota, 56 which can lead to intestinal inflammation and increased permeability. 49 In this context, Cani et al. demonstrated that after 4 weeks of high-fat feeding, mice exhibited an obese phenotype accompanied by a change in gut microbiota composition and an increase in circulating LPS levels. 57 Consistently, HFD-fed mice have reduced expression of epithelial tight-junction proteins like occludin and zona occludens proteins, but increased intestinal permeability and LPS levels. 58 In fact, we observed increased intestinal permeability associated with a trend to augmented serum LPS levels in HFD-fed WT mice, and these alterations are potentiated in IL-23-deficient mice on HFD. HFD-fed IL-23p19 -/-mice also exhibited more bacterial translocation in the blood compared with WT mice. Our findings demonstrate that the IL-23 production in the gut maintains intestinal barrier integrity, thereby minimizing bacterial translocation in an obesity-induced metabolic syndrome model. Therefore, IL-23 appears to be indispensable for inducing an intestinal Th17 response and neutrophil migration, limiting gut microbiota dysbiosis, maintaining epithelial integrity and preventing metabolic syndrome associated with obesity. These findings identify IL-23 as a novel immunotherapy target for the treatment of human metabolic diseases.
